The systemic and myocardial cffects of adenosine and ATP were investigated in 12 newborn lambs, instrumented at 5-7 d of age with catheters in the aorta, pulmonary artery, coronary sinus, and right and left atria and flow transducers around the main pulmonary artery and lcft circumflex coronary artery. Studies were done 3-7 d after recovery from surgery. Pulmonary hypertension was induced by exposure to alveolar hypoxia (10%-O,, 5%) CO,, and 85% N,), which was maintained throughout the experiment. Adenosine, ATP, or an equal volume of saline (control) was infused into the right atrial line in doses of 0.04 to 2.5 pmol/kg/min during hypoxia. Alveolar hypoxia caused significant increases in pulmonary artery pressure, pulmonary vascular resistance, left circumflex flow, left ventricular 0, consumption, and systemic and myocardial 0, extraction and a dccrcasc in systemic 0, transport. ATP and adenosine caused selective decreases in pulmonary artery pressure and pulmonary vascular resistance at doses of 0.04 to 0.30 pmol/kg/min and decreases in both pulmonary and systemic pressures and resistances at 0.60 to 2.5 pmol/kg/min. ATP and adenosine caused increases in systemic 0, transport, left circumflex flow, left ventricular 0, transport, and lcft ventricular 0, consumption and dccreases in systemic 0, extraction and left ventricular 0, extraction at 0.3 to 2.5 pmol/kg/min. Systemic 0, consumption did not change during thc study. Arterial and coronary sinus blood lactate levels increased during hypoxia and decreased from hypoxia at 2.5-pmol/kg/min infusion rates of adenosine and ATP. Adenosine and ATP cause selective pulmonary vasodilation in lambs with pulmonary hypertension at doses of 0. Persistent pulmonary hypertension of the newborn is a hypotension and tachycardia a s side effects (2). The incondition associated with high morbidity and mortality. crease in heart rate and systemic vasodilation results in The affected infants have an increased PVR and hypox-increases in VO, and MVO, during hypoxia (3). Newborn emia secondary t o right-to-left shunting of blood across infants have a high resting cardiac output and 0, confetal channels (I). Vasodilator drugs that are used in the sumption (4) and are limited in their ability t o augment management of this condition, such a s tolazoline, Seem to S O T during hypoxia ( 5 ) . Therefore, an increase in 0, dilate both pulmonary and systemic vessels and cause consumption during vasodilator therapy may cornpromise tissue oxygenation in hypoxic infants.
they are infused in low doses into the right atrium. ATP infusion causes selective pulmonary vasodilation in doses 5 0.15 pmol/kg/min in newborn lambs with pulmonary hypertension induced by alveolar hypoxia (9) or infusion of thromboxane mimetic U46hl9 (10) and in newborn piglets (11) during hypoxia. ATP has been shown to cause selective pulmonary vasodilation at doses 5 0.15 pmol/kg/min in children with congenital heart disease and preoperative and postoperative pulmonary hypertension (12) . Adenosine causes selective pulmonary vasodilation in newborn lambs during hypoxia at doses 5 0.15 pmol/kg/min (13) . Preliminary data (14) suggest that adenosine infusion (0.1-0.2 pmol/kg/min) improves oxygenation without causing hypotension and tachycardia in newborn infants with persistent pulmonary hypertension. We proposed the hypothesis that ATP and adenosine do not alter the VO, and myocardial 0, consumption in doses that cause selective pulmonary vasodilation. The objectives of the present experiments were to determine the effects of adenosine and ATP on I) SOT and VO,, 2) MOT and MVO,, and 3) arterial and coronary sinus lactate concentrations as an index of systemic and myocardial oxygenation. We chose the newborn lamb as a model because its pulmonary circulation has been studied extensively in the past, and its response to hypoxia has been well documented (15) . We used chronically instrumented animals for our studies because this allows us to study pulmonary and systemic circulations without the confounding effects of surgery and anesthesia.
METHODS
Twelve lambs were studied between the ages of 8 and 12 d. Each lamb was studied three times during hypoxia: once each with adenosine, ATP, and normal saline (control). Each of the three experiments was done on a separate day, and the order of experiments was randomized for each animal. The study was approved by the Animal Investigation Committee of Wayne State University (Detroit, MI).
Lambs were brought into our laboratory at 1 d of age and housed in separate Plexiglas cages. They were trained to feed ad libitwn from an artificial feeding system that contained goat's milk (Irish Hills Farm natural goat's milk, Mason, MI). Lambs adjusted well to the feeding system and gained weight at the rate of 50-75 g/kg/d before surgery.
Surgical procedure. Each lamb underwent one sterile surgical procedure at 5 to 7 d of age. Lambs were given preanesthetic medication consisting of atropine sulfate (0.01 mglkg s.c.) and ketamine HCI (10 mg/kg intramuscularly). The animal's trachea was intubated with a cuffed endotracheal tube, and anesthesia was maintained by ventilating the lungs with 1-2% isoflurane and 0,. Rectal temperature and ECG were monitored continuously, and arterial blood gases were measured periodically during surgery. Core temperature was maintained at or close to 39°C with a heating pad. An incision was made in the left groin, and catheters were inserted into the descending aorta and inferior vena cava via the femoral artery and femoral vein. A left lateral thoracotomy was done, and catheters were inserted by direct puncture into the main pulmonary artery and right and left atria. A catheter was also inserted into the coronary sinus via the hemiazygos vein. The coronary sinus in the lamb receives the venous return from left ventricular myocardium exclusively (16) . Ultrasonic flow transducers were implanted around the main pulmonary artery (size 12 S, Transonic Systems Inc., Ithaca, NY) and around the left circumflex coronary artery (size 2 R, Transonic Systems Inc.). The ductus arteriosus was identified and ligated, and the catheters and flow transducer cables were tunneled to the lamb's back. The animal was allowed to recover from surgery for at least 3 d before experiments were done. Cardiovascular function and 0, consumption were shown to return to normal by 3 d after thoracotomy in lambs (17) . Antibiotics (procaine penicillin, 50 000 Ulkg, and gentamicin, 5 mg/kg, intramuscularly) were administered on the day of surgery and on each postoperative day until the studies were completed.
Experimentalprotocol. Each lamb was secured in a sling during the study. The vascular catheters were connected to strain gauge manometers (P23XL, Spectramed Inc., Critical Care Division, Oxnard, CA), and the flow transducer cables were connected to a dual-channel ultrasonic transit time blood flow meter (Transonic Systems Inc.). The mean aortic, pulmonary arterial, left and right atrial pressures, and mean pulmonary and left circumflex coronary blood flow were recorded on a Grass model 7D polygraph (Grass Instruments, Quincy, MA). From these data, we calculated cardiac index as cardiac output + body weight, PVR index as mean (PAP -left atrial pressure) t cardiac index in L/kg, and SVR index as mean (systemic arterial pressure -right atrial pressure) t cardiac index in L/kg. Arterial, mixed venous, and coronary sinus blood samples were obtained to measure blood gas tensions and blood pH on a blood gas analyzer (ABL 30, Radiometer, Copenhagen, Denmark). Blood Hb concentration (g/L) and the percentage of saturation of Hb with 0, were measured with a hemoximeter (OSM 2, Radiometer). Blood 0, content (mL 0,IL) was calcu- Ambient temperature of the study room was maintained at 26-27'C during the experiment. Baseline hemodynamic variables were measured, and blood samples were drawn during normoxia when the animals were awake and resting quietly in the sling. The animals were allowed to rest in the sling for at least 15 min before baseline variables were measured. Alveolar hypoxia was then induced by placing a loosely fitting plastic bag over the animal's head and allowing it to breathe a gas mixture of 10% O,, 5% CO,, and 85% N, at a flow rate of 5-8 L/min. Lambs frequently hyperventilate during hypoxia and lower their Paco,, which tends to attenuate the pulmonary vascular response to hypoxia (5) . We added 5% CO, to the gas mixture to maintain a stable Paco, at or close to 5.3 kPa (40 mm Hg). The flow rate of the gas mixture was high enough to prevent rebreathing of expired gas. Variables were measured after the animals had stable hypoxemia for 10 min. Adenosine, ATP, or normal saline was infused into the right atrial line starting at 0.04 kmol/kg/min. Variables were measured after 10 min. The infusion rate was then doubled every 10 min to give the animal 0.08, 0.15, 0.30, 0.60, 1.20, and 2.50 kmol/kg/min of adenosine or ATP. Each infusion rate was maintained for 10 min, and hemodynamic variables were measured at the end of the 10-min period. Alveolar hypoxia was continued during the infusion of adenosine, ATP, or saline until the end of experiment. The animal was returned to room air at the end of each study and returned to its cage. Subsequent experiments were done after a 24-h recovery. Arterial, mixed venous, and coronary sinus blood samples were drawn at baseline, during hypoxia alone, and at each infusion rate of adenosine, ATP, or saline to measure blood gas tensions, H b concentration, and Hb 0, saturation. Arterial and coronary sinus blood samples were also obtained for blood lactate levels at baseline, during hypoxia alone, and at infusion rates of 0.04, 0.15, 0.60, and 2.50 kmol/kg/min. The infusion rates of ATP and adenosine were chosen to obtain minimal and maximal changes in PVR and cardiac index in newborn lambs as determined from previous studies (9, 13) . The half-lives of ATP and adenosine in blood are < 10 s (9, 13), and 10 min is sufficient to achieve steady state levels of nucleotide in plasma. The volume of fluid infused during the experiment ranged from 0.04 to 2.5 mLImin, and the total volume was 50 m L or approximately 9 mL1kg over 1.5 h. The infusion of saline at this volume in control studies did not cause significant hemodynamic changes. Animals were awake and did not show agitation during the study. Most of the animals had a shivering response during the last 30 min of hypoxia, even though ambient temperature was kept constant.
Drug preparation. Adenosine and disodium salt of ATP (Sigma Chemical Co., St. Louis, MO) were obtained in powder form, and the solutions for i.v. administration were prepared each day by mixing them with sterile normal saline to give a final concentration of adenosine or ATP of 4 kmol/mL.
Assay for lactate. Blood samples were collected into tubes with 0.5 mL of 12% trichloroacetic acid kept at 0-4"C. Samples were immediately centrifuged, and the supernatant was separated and stored at -20°C. Samples were assayed for lactate by an enzymatic method based on conversion of lactate to pyruvate by lactate dehydrogenase. The reduction of NAD from this reaction causes an increase in absorbance at 340 nm, which was measured by a spectrophotometer (Beckman Instruments, Inc., Fullerton, CA). Assays for all samples were run in triplicate. The concentration of lactate in each sample was measured using a four-point standard curve and expressed as mmol/L. The intraassay and interassay coefficients of variation for this method were 3-5% and 5-7%, respectively. Statistical analysis. Data are expressed as mean + SD.
Data obtained during normoxia and during hypoxia alone from different days on each lamb were compared by single-factor analysis of variance for repeated measures (18) to determine whether baseline variables and response to hypoxia were similar on different days. Data obtained during control, ATP, and adenosine infusions were compared by two-way analysis of variance for repeated measures; the two factors affecting the outcome were hypoxia and dose of ATP, adenosine, or saline. When significant differences @ < 0.05) were found, a Duncan's multiple range test (18) was done to determine which means were different.
RESULTS
Baseline variables measured on different days and their response to hypoxia were comparable and showed no significant differences. Alveolar hypoxia resulted in significant increases in heart rate, cardiac index, PAP, PVR, left circumflex flow, and MVO, and a significant decrease in SOT (Tables 1 and 2 ). VO, did not change and V, and MVE increased during hypoxia. There were no further changes in heart rate, cardiac output, SOT, PAP, and PVR when the animals received normal saline infusion. MOT and MVO, decreased to baseline values during infusion of saline with ongoing hypoxia (Table 2 ). Administration of ATP and adenosine caused selective decreases in PAP and PVR at doses of 0.04 to 0.30 kmol/ kg/min ( Table 1) . Infusion of ATP and adenosine at doses of 0.60 to 2.5 krnol/kg/min caused decreases in PAP, PVR, aortic pressure, and SVR and an increase in cardiac index (Table 1) . SOT, left circumflex flow, MOT, and MVO, also increased at infusion rates of adenosine and ATP of 0.3 to 2.5 kmol/kg/min (Table 2) . VO, did not change and V, and MVE decreased at infusion rates of ATP and adenosine of 0.30 to 2.50 kmol/kg/min during hypoxia.
There were significant decreases in pH and Pao, and an increase in Paco, during alveolar hypoxia in control, ATP, and adenosine experiments ( Table 3 ). The increase in Paco, is probably caused by addition of 5% CO, to the inspired gas mixture. The plastic bag was loosely tied around the neck of the lambs, and the flow rate was kept high enough to prevent rebreathing of expired gas. Blood pH and Paco, did not change further during the experiments with ATP or adenosine compared with control studies. Pao, increased significantly from hypoxia alone at infusion rates of ATP and adenosine of 2.5 p,mol/kg/ (Table 3) increased during hypoxia and remained elevated during infusion of saline. Arterial lactate levels at 2.5-p,mol/kg/min infusion rates of ATP and adenosine were lower than at 0.15 kmol/kg/min. Lactate levels in coronary sinus were lower than in aorta during both normoxia and hypoxia, indicating a net lactate uptake by the myocardium. Coronary sinus lactate levels increased during hypoxia and remained high during infusion of saline. However, lactate levels in coronary sinus during infusion of adenosine or ATP at 2.50 p,mol/kg/min were lower than at the 0.15-p,mol/kg/min infusion rate, consistent with a decrease in MVE at these doses of ATP and adenosine. The core temperature decreased in all animals with prolonged hypoxia (Table 3 ) and occurred at the 2.50-p,molkglmin infusion rate of saline, ATP, and adenosine. Animals have shown a shivering response at the time of decrease in core temperature. The increase in
DISCUSSION
Our study provides the evidence that ATP and adenosine, the purine nucleotides, cause selective pulmonary vasodilation in newborn lambs with hypoxic pulmonary hypertension at doses 5 0.30 p,mol/kg/min. The results confirm the hypothesis that ATP and adenosine do not alter the VO, and the myocardial 0, consumption at doses that cause selective pulmonary vasodilation. Adenosine and ATP had a favorable effect on tissue perfusion as evidenced by decreases in VE and MVE. These data indicate a potential role for continuous infusions of adenosine and ATP in the management of newborn infants and children with pulmonary hypertension.
The decrease in PVR caused by adenosine and ATP in hypoxic lambs was associated with a significant decrease in PAP and was not accompanied by a change in left atrial pressure or pulmonary blood flow at doses 5 0.30 p,mol/ kg/min. The PAP remained significantly lower at doses r 0.60 ~~.mol/kg/min, even though the pulmonary blood flow increased. Therefore, the decrease in PVR caused by ATP and adenosine is probably caused by true pulmonary vasodilation (19) rather than by recruitment of un-used vascular channels or dilation of pulmonary veins. These results are in contrast to those of other vasodilators such as hydralazine, tolazoline, and diazoxide that cause a decrease in calculated PVR by increasing the flow (19) . Heart rate did not change in our study animals during infusion of adenosine and ATP even at doses that caused an increase in cardiac output and a decrease in SVR. Other vasodilators that decrease SVR, such as tolazoline, cause tachycardia (3, 19) . ATP and adenosine have been reported to have negative chronotropic effects (20) and are clinically used to decrease heart rate in the presence of supraventricular tachycardia (20) . Adenosine is thought to exert its negative chronotropic effects by stimulation of A, receptors in heart (21). We did not observe bradycardia during infusion of ATP or adenosine in any of the animals. The favorable effect of adenosine and ATP at doses of 0.60 to 2.50 kmol/kg/min on MVE may be caused by the increase in coronary flow, without an increase in heart rate above control values.
Adenosine has been implicated as a mediator of coronary vasodilation that occurs during hypoxia and exercise (22) . Increased plasma and interstitial fluid levels of adenosine have been observed in association with coronary vasodilation caused by hypoxia (23) . We have shown that hypoxia causes a significant increase in coronary flow in newborn lambs and that the increase in flow resulted in a significant increase in 0, delivery to the left ventricular myocardium. However, the increase in flow was not sufficient to compensate for the increase in 0, consumption, because 0, extraction and lactate levels in coronary sinus increased during hypoxia. Infusion of ATP or adenosine during hypoxia causes significant additional vasodilation at doses of 0.3 to 2.50 ~mol/kg/min. The increase in coronary flow had a favorable effect on MOT and MVO,. This was indicated by decreases in 0, extraction and coronary sinus lactate levels compared with control studies.
The animals in our study did not have a significant decrease in VO, during hypoxia. The decrease in SOT was compensated for by an increase in V,. These results are in contrast to the previous observation of a decrease in VO, during hypoxia in newborn lambs (5). Moss et al. Lactate levels in our study did not increase above 1 mmol/L during hypoxia. The increase in lactate levels during hypoxia may be caused by increased work of breathing or a decrease in 0, supply to the tissues. Addition of 5% CO, to the gas mixture to prevent a decrease in Paco, may have increased the respiratory drive and work of breathing in these animals. However, the Paco, values did not differ between control, ATP, and adenosine studies. The lactate levels in control animals increased gradually during the 90 min of hypoxia. The lactate levels during infusion of adenosine and ATP at 2.5 kmolkglmin were lower than in control studies, coinciding with an increase in SOT. Therefore, the elevation in lactate levels was most likely caused by a decrease in 0, supply to the tissues during alveolar hypoxia. Although arterial lactate levels decreased at an infusion rate of ATP and adenosine of 2.5 j.~mol/kg/min, a decrease in V, was noted at lower doses of ATP and adenosine. These data indicate a lag between optimization of 0, delivery and clearance of lactate from the blood. The coronary sinus lactate levels were lower than arterial values in newborn lambs, indicating a net lactate uptake by the myocardium. This is consistent with previous studies (24) showing lactate uptake by myocardium in both fetus and newborn. The coronary sinus lactate levels increased with hypoxia and remained elevated in the control experiments. Coronary sinus lactate levels have decreased during infusion of adenosine and ATP at doses of 0.30 to 2.50 ~mol/kg/min compared with control values. The change in lactate levels correlate with an increase in 0, transport and decrease in 0, extraction at these doses.
The increase in Pao, at 2.5 pmol/kg/min infusion rates of adenosine and ATP was caused by an increase in mixed venous Po, (2.8 -+ 0.5 to 3.6 + 0.4 kPa) at this dose. The large increase in cardiac output and decrease in V, at this dose of ATP and adenosine probably caused an increase in mixed venous Po,. Arterial H b concentration increased during hypoxia, probably by hemoconcentration. This may reflect an attempt to optimize SOT during a period of decreased 0, availability. A similar increase in Hb concentration during hypoxia was previously reported in lambs (5) . The Hb concentration gradually returned to baseline as hypoxia was continued. The decrease in Hb may be caused by a dilutional effect of fluid administered during the study. A greater decrease in H b concentration was noted in animals during infusion of ATP and adenosine at 2.5 pmol/kglmin and may be related to generalized vasodilation observed at this dose.
The core temperature in our animals decreased only after prolonged hypoxia. Each experiment lasted a total of 90 min, and the animals were kept at an FIO, of 0.10 during this time. There were no significant differences between the three experiments in the decrease in core temperature. The increase in 0, delivery and decrease in VE in ATP and adenosine groups were not accompanied by an increase in core temperature. It is possible that temperature may have increased if the infusion of ATP or adenosine was continued for a longer period of time. The core temperature decreased by an average of 1°C in our lambs. Sidi et al. (25) have previously reported that the decrease in core temperature during hypoxia depends on ambient temperature. They observed a decrease of 2.1°C at an ambient temperature of 17°C and a decrease of 0.4"C at an ambient temperature of 25°C in newborn lambs at an FIO, of 0.09 for 1 h. Our studies were done at an ambient temperature of 26"C, and the hypoxia (FIO, = 0.10) was maintained for longer than 1 h. Therefore, our results on the decline in core temperature are consistent with the results of Sidi et al. at higher temperatures. The lack of a decrease in V 0 2 during hypoxia in our animals is also consistent with the observation of Sidi et al. in lambs at a higher (25°C) ambient temperature. The animals in our study have shown a shivering response during the decrease in core temperature, presumably to increase heat production. Inasmuch as V 0 2 did not decrease, the decrease in temperature is unlikely to be an attempt to sacrifice thermogenesis during decreased 0, supply. Moss et al. (5) speculated that hypothermia in newborn lambs during hypoxia may represent greater heat loss at this age because of increased body surface area. The increase in work of breathing during hypoxia may also cause greater evaporative heat loss from the respiratory tract.
The purine nucleotides seem to exert their vasodilator effects by stimulation of specific receptors present on endothelial and smooth muscle cells of blood vessels. Burnstock (6) proposed that the effects of purine nucleotides are mediated by two types of purinergic receptors. PI receptors are more sensitive to adenosine, act via the adenylate cyclase system, and are inhibited by methylxanthines. P, receptors are more sensitive to ATP and are not antagonized by methylxanthines. Based on receptor affinity and ligand binding studies, PI receptors have been further classified into A, and A, subtypes; A, receptors inhibit adenylate cyclase and appear predominantly in the heart, where they mediate the negative chronotropic and inotropic effects of adenosine (21) . A, receptors are present on the vascular endothelial cells, stimulate adenylate cyclase, and mediate the vasodilator effects of adenosine (21) . P2 receptors are also classified into P2,, P2,, P,,, and P2, receptors (21) . The relative predominance of these receptors on the cell varies between different organs, with P2, receptors being more predominant on vascular endothelial cells. Stimulation of purine receptors on endothelial cells is accompanied by release of endothelium-derived nitric oxide and prostacyclin (26) . Both adenosine and ATP have been shown to cause endothelium-dependent vasodilation in newborn (27) and fetal lambs (28) . The mechanism of the selective pulmonary vasodilation seen at lower infusion rates of adenosine and ATP is probably a rapid clearance of the nucleotide by the pulmonary vascular endothelium during the first pass. Fineman et al. (10) have shown that infusions of ATP in identical doses into the right atrium and the left atrium cause either pulmonary or systemic vasodilation. We have previously reported (13) that adenosine infusion in hypoxic lambs at doses of 0.01 to 0.15 ~mol/kg/min causes no change in left atrial adenosine levels, whereas larger doses cause a dose-dependent increase in adenosine levels in the left atrium.
The selective pulmonary vasodilation caused by adenosine and ATP in lower doses may be useful in the management of infants with pulmonary hypertension.
The wide range of doses that seem to be selective for the pulmonary circulation may facilitate better titration of the dose needed for individual patients. The short half-life and rapid clearance of adenosine and ATP by endothelium may allow us to use these drugs in infants with compromised renal function, a situation in which tolazoline therapy seems to be less desirable (29) . However, the presence of right-to-left shunts at the level of the foramen bvale or ductus arteriosus in these infants may allow adenosine and ATP to enter the systemic circulation even in low doses and result in systemic vasodilation. We have ligated the ductus arteriosus in the lambs during surgery. The foramen ovale was closed at autopsy in our animals, and this observation is consistent with closure of the foramen by 1 wk of age reported previously by Dawes et al. (30) . In addition, the PAP in our lambs was increased by alveolar hypoxia, whereas infants with persistent pulmonary hypeitension usually have near-systemic PAP in spite of receiving high FIO,. The response of pulmonary vessels in infants with pulmonary hypertension may also be different from that of newborn lambs with normal pulmonary circulation because of their structural (31, 32) and possibly functional differences. These differences should be considered when extrapolating our results to infants with persistent pulmonary hypertension. Additional studies are required to evaluate fully the role of purinergic receptors in cardiopulmonary changes seen during the perinatal period and the usefulness of adenosine and ATP as therapeutic agents in the management of newborn infants with pulmonary hypertension.
